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AEDC TO 111.21:1

1.11 I_ I RI)l)l :( III)IN

Rt,yllt_hl,, iil,lllJ]_.,i hcilllllt, i', ;I ,,1_11_1_11,1h,_hlli,lliv htl e,_ll_|l]t_h|lilly_ {I;ll;I ,_JHililled _1111

_'ltll_,l;llll l_lll_'h lllllllJq'I till ',_-'_ll_d_111_1IIIIIIIl_J 111_4h'l,,hl i_ledJ_'l lira I|lll--_L'llh.' I_ll_l,_lYll,.°
IIL'I llllllllllll_'t.' III I lit'hi, I,,I II¢'_'llllhl'_ IIIIl*lht'l ',,.';|Jillp I11 Ill.' _'_llid, I|lllh lilts' i:lild_'l lllld I,III

',_';IJ_'I..li,'_ IIIIhl Ill:' III IJl_qlll;ll L'llllllilqllllll ',llh.l' I1_';11IIHII',I[I Jl;i'_ IIII illtJllell_'L' IIII

I_t_lllltlll/y. lll_{'l d_'_'hl!}lll¢'lll, l_l;lll_ l'¢tllllllllllllh Ih_ _111_1IIIIIIl_'J_ _lllllllltlilll'_ Hit'hl Jlll_,_'11

IIIImhel illld I_'llll}_'lllltll_ 0 I_ _tdj,l_l,,lt, lilt' I_l_'_lHt °. A I{_'ym_ld_ IIIIIllJ}er vllrJlllioll, Ihll_

oJ_lllillLtl, _'IiIi it._.'ill _;lli;lli_lll_ ill I_lllillllt'l_'l_ |111o1|_hk'h llll l_,_.lrllllol;lli¢lll Ill lilt'hi

one ¢annol exlleCl _| col:_l_mcy in Ihe v_hle o1' Ille boundal'y-layer Iransilion Reynold,_
I_mnher reh_lire Io _l_'h;ll _cl e_!_1ic I_'nl_lh I_'yn_ld_ numl_er when _c_llil_l_I riln_il ion _.ll_il ire
dilllt, J'llllhel-IiiOl_.,, Its I_Oilll_'tJOlll Jt._ .%l_ilJ_)_ill, rt, J. _, IIII_'I'L'ilI'L' II0k'lellr-_:lll I'llleS Io

_lllltillllel.' Ihlll I_l'_'di_'lioll_ ol _Iriln_ilioll h_';llioll on l_'llellll body _hllpe_ will be II_tZIII'III_. A

common p[ilclice is Io I]_ Ir;m_iliol_ i01 Ihe _illd Iilnm.I tl_ill_ _lrlil'ici¢d Ir;p devi_e.,

pilrlicul_lrly _ hen Ihere i_ il hlrt,.e nli_nmlch ill model-lo-I'ull-_c_lle R_'ynold_ mlml_er_, ._uch
pl'ilclic_ Illl.l_' provide _1t_OIl_l_.lll_' ill li;it_ilion R_.yll_ld_ IIIIIllber relLllive Io Ih¢ _hllrLICl_ri_li_'

l_ynold.snunll_L,r;llo_._,l-,lll_Itlrl_lllenlholi_Id_ry-hLv_'r_rov,lh dov,'ll_Ir_alnof lhl:ll'il_

llmy11oIhL,repre_.,lll_lli_eof n_|lUrlJl_lO_lh,_indlhu_lhe _inlul_lliolli'__lillJnaceur_ll_,

' E_p_'rimenlers,lhercl'ore,re_orlIo empiric_ld;_l_¢orreclion_of _ome _orlto improve

lheirKeyn_Id_ mm_her scalinBl_chnique_,ll:_'s_'corrections_zrenot univer_allyapplicable

to dill_.'r_'nlhodi_.'__Ind_Ir¢not _enerallylhc_Ime l'r_,mone _ind lmmel toanother(e._.,

Treon elal,,Ref.3).Tunnel-to-tunneldifferencesindata rrom the same body can arise

lrom v_:rialion_in _ind ItmnelI'Io_qu_zlil.v,lhree oI'lheperlinenll'_¢lor,,inwind tunnel

11o_qu_lilyare:

I. Nonunil'ormil.vin lree-slre_.m__eh_cJly(¢_Itlsedinp_Irlby v,_lllinlerl'_rence),

3. l"lox__nlzuh_rily(_dsocausedinl_rlhy wallinlerlerence),and

.11,J;ree-_lle_.llll |1o_ dJ_lurl_Imce_ (;IL'¢_tl_lJc_.iJilOi_e olld lurhulence),

Re_earch acceler_oed ill each ol the_e three z_rea_in Ihe la_l deck=dewhen the USAF and

NASA jointly =renounced z_lechnologic_d need I'or improved definilion of Ilow qunlily in
I_rodu_'litm wind Itmnel_. The re_e_rch reported herein i_ Ihe re_ull o1"one elTorl direcled

Io_Z|l'd improvint_ Ihe under_l;mdinB o1' Ihe erl'e¢15of I'ree-,_lre_lnlnoi._eon I'..,,ndary-layer

!

,,_ ... ?'.' . - i_
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2,(! API'I(I)Ai II

( _lll4'lill;Ibh' v_,pl.'lllll_'lllill ddl;I _VlU ;htlIlil,'_l IIII , ',hllpl_' h_.l _, ill l* IllIIIIIl*'l Ill _lllll

IIIIII11'1', ;lllll III Iht'hl ill i.lllllll;ll,lllh.' lu*,l i_illlhll,lll',, Ih_.' II;ll;llll('ll'lh iii rl)lll-'t'lll _,1'11' MII_ h i

IIIIIIII1('10 r(,%llllhl,, IIItllllh.°l, IIItldl'l Ith'idl'llFl', _llhl IIII1¢11'1 ;llll;lll;llll' _,;111 II-°U¢i%I'I_,'

I¢llll'lt'l;lllll(' _',hh Vllll_,llllll I}_)lly l°,l-'ltlll¢.°llV, I1._ Iltidy _'h'_'l{_d wtl_ II _h;|ll}, ql_'ltlh,l t/iiIii,,

_,_hh.h i', ,,i,_lilld i_111% I(,i ;I ,,1111111, Ihll I_l;el_' I11 ',illll)lh'll_,, I I1_'l-'¢111¢° %_1_ h'll Ill hi' Illllll'

_llllt'll;Ibh' I_l Ih_' lll;lllllVd _:'_ll¢lillll'lll ,, ll_'V;lll_,V ;I I1_11 III111(' I1_1_ dillk'llll Ill llllhl

ii1_t1111111_1111111_,Ii_lul_lll_'u_,, (';111 h;l% i' lhluu dhll¢°ll,,il)ll|ll ('lh'vl,, hl'l:lllP, l ° ill il _, I;llil( ' %111111,_11111

L';lil I)('VlllllU ',lllh'llll;lllY IIIl',l_lbl_ ° Ill Ilil, II i.Ivii;llnic i)ll:,_,_lllU ,,,

I illllJllill lilt blll¢lll IIllllqli{ql hi_'lllJOll _I1_ _ch'cl_'d _1_ the IHJlIIIII'.V d_'pk'lld_'lll pillilllll.'l_.'l'

I01 hl%k'_lJ_illJOll bUCilll_' IIlll:_Jlhtll IoclllJOll J_ _.'llqli_,_. ° I_ II1_' t'r¢_.,Mll.'lllll di',llll'l_llll_'_ °

Uil%JlOlllllUiiI ;llll.I I_) IlK' IiuL' ',ll_.'illll _,lllil RvvIiohl_ IIIIIIIIIL'I, /(.UI¢) ;l'_Jlll '_dI'I';.IL'U I_I'UkMII'Ui ,%

I'l;Idik°lll0 _llich i_ _111id_';ll _.'olldililql I'o1 ;I Illlllqli_lll MII{I.v, i_ ill_l_l*Om.'h_.'d illoll_ ;.I q_.'lldvl

cone _1 /_'1o illcid_,nc_', ,& I(I-dc_ illchlded illl_h' _.'OllV{_-{.h.0_h_lll ;.lll&,i_,l_,Yil__'lw'k'd which

plo_ided o111_ qi_l|ll._ I;hol;ll_le I_1¢_111¢ _l'ildJuIIl% _11_lll_llliL' Milch IIUIIIIlel-'_ {llld il/el'o

I_1_'_111¢ _Hdi_.'lll ;lll_.'r bo_ q_ock illl_.l_'llllK'lll al M..__ I,l)-_.g,

I I'{lll_lliOll Ioc;llJoH i_ _1ll;.llUl;lllv I_'q I_'_ I_hL'IIOlIIL'IIOII id_'_lllydL'lill_|hl_ ill tilL' II1¢{111bV {I

OIIL'-dillll.'ll_,il.)ll;.ll I1;.llmll_.'lL'r (i,k',, b V Ihc diMallC_.' _.11o11_;.I ra.V I'lolll Ih¢ ¢olli.' _.lpex). 'rr{lll,_il!oll

i_ ;I IuIICliOII O1' II1_.' I_.'celtli_ilV of lhL' hllllinar I,oundar.v hLvur to dislllrbllll¢¢S _lriqllg ill 11112 I

I'1'¢¢-_11'¢;.1111FIm_ _.llld Oll Ihu sllrl;.ll.'u of Ih¢ body. I1¢nc¢, IIIu COIIU was kepI highly polished

Ihlotl_hotll the.' hl_,_'sli_;.lliOn Io ininilnJ/_., bod v-_z_.,nk,r;.lled dislurballi.'es %o IIl{ll IrallsJliOll

;.ll'ialiollS mi_hl, as clos_'l_ _s posqbl¢, I¢1"1¢clall inlluencc o1 tile Ilo_ envhonnlelll,

Ic_l_ _Cl_, condLl¢lcd _ilh the I()-dc_ colic i.iqn_ C()ll_l_.llll illstt'Ulllenl;itiOl| in 2_ wind

:'_ ILInnel.%ill the U. S. |nd Europe. Durjll_, Ihese tests transition location and the noise

disturbances readling ;he corn: surface were measured. Then, in order to evaluate

the el'feels ot" Ih= wind tunnel disturbance environment, transition data were acquired on the ?

same cone in flight. The flight environment is nol a zero disturbance environment; however, '_

the Io_¢sl Pos',h_l¢disliil'hI.IIIck' L'il%ii'OIIIllUIll _.1'_oht{lincd by placing the con_.,as ft.lr I'orward

;is I_osqbl,., on lilt Ilos¢ I_oo111 o1' ;.1lesl bed _.lil'cl;Ifl. Thu' Iliphl I_.'_,l,, wL'fc 11erl'or111L,d ill IIll_ air I}

H_ace o_el hh_ards Air I,orc¢ Base, r.'alil'ornia. 1
t

In Colllr_.lM Io ihl., Ilighl dJ_lurll;,lll_.'eVl_virollnlel_l, which COlllaillS wind ,_lll.;{Irs {llld

pockel_ of" vorlicily {llong with wh_.llevt,.,rdiMl.lr|l_.llll.'cs zll'¢ ci.l|lsed by Ihe aircraft itself
(prin¢il}ally Ihose froln the ProPul,don sVM¢lll), Ih¢ Ilow ill a wind tnnnel can conlain a 1coinplex p_.lllerll or I tlrl_ul¢ilc¢ _lnd aerodyllalllic IlOis¢ peculiar to the givell tunnel. Iii ord_:r

t
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Itl If'[;ill. _ ll_lllhililtll l|t.'t:lllll.'ll(,.'r ill !lit' k%illd IIIIIIIL'i Ill ,;! di',llllh;lllrt' l.'!t_illJlllllt°lll, II _',;l',

IIL'L'I'Y,;II% Ill Ill;till' ',ttllli.' llll_llllil;llP, t,' IIIo'il'dilrl!lrl!l', itl Ihr thJ_', dhlOlll)_lllrr,,, ltJ to01h

_'hill_l¢'|_,'l il_.' ;t ).'i_,(,_l! ili',I!llll,;Illl'l' _,'I|%ilIHIl|l;'lll ih ill| il_.%l,'h;_llll_ I;l',l,, i_'llllil ilI}' Ill;llIV t'll',Vlilltll"_

t_' Ihlt'l' dhltl.'li',lllll_l[ ',pl-'L'll_l Ihill Ill*',',r',', illhl'll'lll ',I;III',IiI'IOIIY Illlll'dillillll;lIV ,lll;llJlJe",. 1ooll

_'hilliIL'lt.'li/llliIlll tYll *, IIill llllPlllldt'll, lhl_l'_e'l, I_lb IIIh;lllllhlOll' Ioll'll'dlll'llll'lil', 1011Ihl' _'lHtl °

',Ill Ill!'!' lU_ided II pllllilII IIItlIlllitil'iIIl¢lll iII ih,,lllll_:lllC_ °,, ;l_'lllilll_,' Ii'ilt'hilll>, Ihl_ i IllIt' ,,Ill Iil_'l' I

Iplllli;!l ill Ih;ll Ihl' IIIl'il',lllt-'llll'lll', II _',rlr 10r_lln'l!_'_, ir,,l,_ll ,, Ihllill_tl, i_.) 1,4_ld;'d !oily _llr

diul_'n,,l_.l_d I!v_lm'n_'.v _1.'_1111, ;lll_l t) _'_nhl n_l di,,Ihlpltl,,h _qlelhel Ihr Ii'I.'I.III_-'II_W (

¢¢lllI|_Ollelll._ of llf_'._Mll'¢ hild lheir Uli_iu _u, uoi.,.e oi llll'hllle11_'e), hl I11i_ .Sell.S,C, lh¢ 1
exllelhllenl ,, _vle l_l' ;I lehllhel_ _illlph. !11;1_'o_Iselq_l_' 11_lllole whoeh Collhl he 1_.ll_.,led i!| ;I

h111w n11n11_.1 of l_icilili_'__,I _l h11_id in111.,._' ;_I I_'_I e_.Idilit.ls b111 _'ere hlckilll: in !he
uliclosconie delllil ile_'e_m,_ l! !e_el.ll the iileelllllli,_ of illIV !'.hell trOllqliOll oh_elv_ttiOll,

I _,'() illi_'rol_llolle_ _,','ere used I_l I_l)hlhl I't'dlllldllll_'.v ill Ihe illetlMIrt0111elll, hi llthlilioll hi Ihe

llli_'l'l_phollelllellklll'elllelll_I_lllhe _'olle,,lll'l'_I_'t'0IIlhh'dIIli_,'liIpht_lle%%'|Ihtlsedd, ,y,lll_'

IliBIll Ilrtll_l'_.loll lo obl_lill IIle:.lsUl'elllellls tit' the Irk'_slle_tlll _lislulbl.lll¢¢._,,

3.tt TIll'; t'llNl': AND I';XPI",IIIMI",NTAI, TEI'IINIQIII:,

]he It)-de_ cone is l!..Ldeol' stainless sleel ,rid is 44,_ in. Ion_ (FIB, I). Ti-lul,_ilionw_l.,,

d,:Le¢ledwilh _ nomil_d (I,(Kff_-hl,Ol_ellill_ heiBhl i'_ilOl lub_ Ir_lVersedin _o1111.1¢1whh the
cone surface over a distance from 4 to 3(_in. from the cone apex. The ,:one apex was less

Ihan O.tX)._Jn.eql.liv_lenl di_uneler, The conesurl'i.leeFinishw_l,_nomimllly IOpin. RMS. The
apex wa_,che_:k_d repe_ledlv under a luicroscop_, and the surl'ace finish was ch_¢ked

5hamandRackAssembly--, /_- Mrul Assembly CoverAssembly7
/' /

/
t rPP-_|rejlu Ii,iDO(| Pr_o --- / ,'

p_'_b_Assembly-- ' ,,__ ...........

2J llc_ % _ C5 191.1_

o,,o,.,,,,,

t \ Cone|_ten$1on

/

_524 i LO-d_gCo_eProl_flow-lle!(IAssembly

a, Elevation view
' Figure 1. The instrumentedcone,
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henealh lhe cone in l:i_.,,. I _md2 nle=isuredMaLL'huumber, i111ilude,and incidence ' iprobe st.'ell

_-II1BIe, ;_

i

,',

............. ,::...... "..... ....." 1982017352-TSA13



AIDI: Tll 111-+'*tl



REliC TR BI.2fl

",_

Figure2. Conemounted_n the tit etvoreft.

I0

1982017352-TSB01



o

AEDC-TR-a 1-26

The basicexperimental technique in hoth wind tunnels and flight was first to acquirethe

disturbanceenvironmentdata r_.cordedby the two microphoneson the cone ._urface,one at

XI - 18in., atimuthal angle 225dell, the other at 'K2 .- 26 in,, 180deg from the ray traced
hy the pilot probe. The microphone data were recordedover n minimt,m 30osccsampling
periodwith the pilot probe hi a retractedpositionan x usuallyfrom 33.5 to 35.5 in. Then the

pilot prohe wa_,extendedalong the (t-deFray until complete transition had been detected
(wilhin the limits of probe travel). The amounl of exlens,on waslimiled in the flight lesl to

x : 16in. becauseof pilot probe vibration._relative to the cone surface. The output of a
triaxial acccleromeler package mounled insidethe cone was monitored for correcting the
microphone data for acceleration sensitivity. $hakel table tests of the cone with the

ir_strumentationinstalledrevealedsen,_itivit;esprimarily at 200 H_, and below, in the wind
tunnels, recordedpressurefluclualion_ weregenerallyat leastan ord(.rof magnitudehigher

than the microphoneresponseto the measuredaccelerationlevels.Thus, no corrections for
accelerationsensitivitywereappliedin the wind tunnels. Microphone signalswerehigh.pass

filtered at 200 Hz during playbackof the flight lest magnetictape recording.

The pilol probe traversing rate in the wind tunnels was 12 in./min. In the flight lest
program a faster drive mechanism was utilized which increased the traverserate to 38

in./min. Duringeachdata point in both thewind tunnelsand in flight, time was allowedfor
the cone surface temperatureto approach the adiabatic wall temperature before the data
acquisitionsequencewas begunafter Mach number, pressurealtitude, and cone incidence

• were stabilized. Every effort was made to align the cone to the flow in the wind tunnels;
occasionalexcursionsin pilch and yaw were requiredto find the flow stream anglein some
wind tunnels. Every effort was made by the pilot to trim the aircraft to align the cone to the I

airstream, The nose boom was pivotable to compensate for the aircraft angle-of-attack
change with Mach number and altitude; vernier adjustments to Mach number or altitude

were made by the pilot in an attempt to achieve simultaneously zero incidence and adiabatic I
wall temperature. !

4.0 LAMINAR INSTABILITY

Data obtained in flight showed significant differences between the spectra obtained on
the cone surface under laminar or turbulent boundary layers as well as differences from the

free-stream impact probe. Representative data are shown in Fig. 4. For the condition shown,

the traversing pilot probe data indicated that boundary-layer transition on the cone surface

began at Re_ = 4.23 x I(P and ended at Re_ = 4.92 x I0_. Thus, the forward microphone
was located in the transition zone while the aft microphone was under a fully turbulent

boundary layer. The turbulent boundalry-layer spectrum had an inteBrated power
, approximately Iwo orders of" magnitude higher than the free-stream spectrum. The

I!
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All Microphone, .................
/ Rex 6.416x 10 ForwardMicrophone

Rexl• 4,442x 100"2
10-3 . - :.......................

+°_ ]I10-7 ] ]._" . _.

, FreeStream..u
, I ,, i , , I I

10"80" 2.5 5,0 ?,.q 10.0 i2.5 15.0 17.5 20.0 22.5 25.0
f, kHz

Figure 4. Comparisonof cone-surfacearddfree-streemimpact
microphonespectra.

transitional spectrumexhibiteda pronouncedpeak at approximately 14.5 kHz, rising three

orders of magnitude above the free stream. The parameter F denotes the value of a

nondimensionalizedfrequencyusedby Mack inRef.12whichisdefinedas ,_
+,

2 rtfv, t
+, O

I

t,_.,, (l)

where f is the center frequency ot" the peak in Hz. The parameter F is a form of the Strouhal
number in which unit Reynolds number provides the length scale for the
nondimensionalization.

Smoothed spectra from the cone surface microphones in the form of
nondimensionalized power, fi,Z/q_, Hz I are shown in Fig. 5 at Me m 0.80 and M+ ---
1.35. The parameter varied in Fig. 5 is Re_ obtained from flights at different altitudes at

near-constant M,. Spectral peaks ,,,'e obvious under both laminar and transitional

conditions, but disappear into a smooth spectrum when the boundary layer at the
microphone location becomes turbulent. The events depicted in Fig. 5 are as follows:

I IL

12

1.
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I. A_ allilude was lowereda! con_lanl M_..!he transition location moved forward.

passintzone _)1"Ihe IW_ microphone Slalionson Ihe cone surface; 1

2. When the houndarylayer waslaminar, Re_ < Re,, a characteristicspectralpeak I
appeareda! a relalively high frequency;

3. As the microphone Reynoldt_number increased, the spectral pc.akincreasedin
power while decreasingin cenler frequency;

4. When the boundary layer became Iransi!ional, Rat < Re_ < Rat, the
¢haracterislicpcukcorninued1odecreasein rrequencyand increasein power, the
rate of" power increase being exponential with Re_; there was also an
accompanying increasein power at frequenciesbelow about 6 kHz;

5, For Rex > ReT, the peak disappearedinto a smoothlyturbulent spectrum,and

the powerat low frequenciesdecreasedbelow that of the transitionalvalues.(A

smooth spectrum free of peakswasconstruedas indicativeof fully developed
turbulent flow in this inves,,qtation.)

10"6

I0"7r%, ....Rex.__.........%

, \ r6.,
• _, x / ,-4.715 _S._f- 4.5]5 3.264

• 10-9 \ "---- Electronic
\ - ; _ _ • _\ I RolJ-Off_

_o. Sm00thedSpectra '-,,
I0"ll-- -Fully-DevelopedTurbulent

•Transitional(ReT NeartheMicrophone) _',,,.
i0.12 .Transitional(Mid-ZoneNeartheMicrophone) ",

-Transitional(Ret NeartheMicrophone)
Laminar

]o"z3 I I I I I I
0 5 10 l_ 20

f, kHz

a. M_ - 0.8
Figure 5. Typical in-flight spectraldata on the cone surface

,; at varied Rex.
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A_ _ccn in Pig. 5, le_er pcak_ appeared randt_inly in the laminar and tran._itionnlspectra,
hut the prcdonlhla11! characlcri_Ii¢ pcak_ ¢onlaincd _ubstuntially greater power and
exhil_ilcd a 11u_i_OlOlliCvariation with Re, al constan! M=.as shown in Fi_. 6. All of the

prcdolnhlant _pectralpeak dlltll obtained in flight arc tabulated in Rcf. I I,

,0, .............[...........................'........1o-8 7.,,, ....................

% <°,1'"IO-9_ ..... 7 ....t......................

I"

" "," P',I..", I .'"l ".

I_ • , l_,, " . •
10.12........ SmoothedSpectra

f
-Fully-DevelopedTurbulent
- TransitionalIReTNeartheMicrophone)

10"13 --- " .... Transitional(Mid-ZoneNeartheMicrophone1-- I
.... Laminar

L l 1 I I I I
10"140 5 lO 15 ; _ '

Q

t, kHz

_"1.35 'b. M_,=
Figure 5. Concluded.

Making use ol"the cone-planar similarity rule that Red,one = 3 Rexpl for the boundary-
layer properties, Mack's theoretical values of F in Ref. 12 at varied Me for ,,_'ex = 1,500

were transformed to _ = 2,600 for a cone and are shown in Fig, 6 in comparison with

the cone flight data. Either the two-dimensional wave (_ = O)or the three-dimensional wave i
(ff ¢: O) from Ref. 12 was used depending upon which gave the better agreement with the !

data at a particular Math number. Mack's two-dimensional wave is the expected ".._llmien-

Schlichting mode of instability. The agreement between the measured frequer¢ies on the {
I

cone and Mack's predicted frequencies, after cone-planar similarity transformation, seems
good enough to conclude that the predominant mode of instability in flight before transition

was the formation of Tollmien-Schlichting waves.

The flight test program was performed after completion of the wind tunnel investigation.
The information revealed in the flight data were used in inspecting the microphone spectra 1

obtained in the wind tunnels for any indications of Tollmien-Schlichting waves, Positive " l

14 ._

[!

..................' .:/_.,_',.,:.,:a,¢L,,r,._?'::- _....":''""_"-,........, --
' ' . ,, _ ," ,_'_!h_ZJli_l_ !,':, " :" "'," *
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exampleswere found in three wind tunnels, the NASA Langley4-ft SupersonicPressure
Tunnel (SPT) and the two lest sectionsof the NASA Langley 4-ft SupersonicWind Tunnel i

(SUI_Wr), The hotter exampleswereat M= - 1.6 and 2.0 in the 4 SPT, where theoverall 1

RMS amplitude.,,, p,v/_Z/q®, were Ihe lewes! recorded anywhere in Ihe wind tunnel
invcslil_alion. The speclral dala reco0dedby the forward and ufl microphones, respectively,

while unit Reynolds number was varied al M® : 1.6 are shown in Fig. '7. Broad peaks

similar Io thoseobservedin the flight spectra are evidenlat Re,q = 4.4 ;cIIY_and Re,,:,= 4.3
x Iff'. The overall aspectsof spectral growth at high frequency experienced in flight,

followed byamplitude growth at lower frequencywhen the boundarylayerwastransitional, qI
followed by decay to a smooihly turbulent boundary-layerspectrumare evident in Fig. 7.

Spectral data recorded in the 4 SPT at M= = 2.0 are shown in Fig. 8. Spectral peaks are I
= i :

distinguishable at Re,q = 4.4 x 10_ and Re_2 4.2 x I0_.
1

0.8 Sym Me
o 0 7
0 0.8

01 o 0qt_ 1.1

o l.)

0.6 _' 1,4
I_ 1.6

0 I.?

'_ 0.5 ._oltdSym_ls Theory,Ref.12

u.

o._ • i

o.2 _,
i

J ,!

o.1 I

0 I I I i I I I
I0 14 18 _ 26 20 30

_'R0x x I0"2

Figure 6. Variation of nondimemional frequencywith R_/'_'x.

The expected peaks were less clearly distinguishable in the higher-disturbance
environment of the NASA Langley 4 SUPWT at M=. = 1.6 and 2.0, Figs. 9 and 10,

respectively.At Me, = 1.6peakscan bediscernedat ReRt= 3.76 x 106and at Rexz= 4.34 x

10e. AI M, = 2.0 a peak is apparent at Rex== 4.34 x 10e.
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I0"| . ./;" s),145

• ///
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I0"_ ', t

_10 4 I

,., :V,i '"I0"6 , _ . •d

I q

10"I ,%%

\,' ', ' 3,M8

\\ 2.211
I0"9 "-1.488

i0"10
I I I I I I I I I
2 4 6 8 lO 12 14 16 18 20

f, kHz

a, Forward microphone
Figure 7. Cone microphonespeotrain the

NASA Langley 4 SPT at M. = 1.61
(M. - 1.57).

10"1

10.2L Rex2 . i

..r_b-.- .........i/ ",,\N.

10.8 _ 149

lO'gJ"

10*lOl * * I I I I I I
0 2 4 6 8 10 12 14 16 20
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b, Aft microphone

Figure 7. Concluded,
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I01 ' w...... I I " I I -" I I ! I

io'l

RI',I

I0"1 .,_/x/-.5, ItM

_ /ll/ 5,1R104 . ' 't . " IA
/

ft 'I "
10-8 ,,,- , ""'( "_.

",,"& 210
104 %-I.472 -.

I I I I I I I I I
I0"10 ; t l o s to t2 ii 16 18

f, kill

a. Forwardmicrophone
Figuren Conemicrophonespectrain the

NASA langley4 SPTet M. - 2.0
(Mo= 1.95).
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I I I l ! ! I I l •

10"1 - 1 "10.2 Rex2 ,_•

,o-, 1

10..9
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Figure8. Concluded.
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t_/j I i I I I I 1----1- ....r----
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t, I%
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10/ - 4,_0_ , ._
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' I, _)0_
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i0-II)_ I I l l J I . I I I
o 2 4 6 _ IO ,, 14 16 IS _o

f, _H!

a. Forward microphone
Figure 10. Cone microphonespectrein the

NASA Langley4 SUPWT, test section
No. 1, at 191.= 2.0 (Me = 1.95).
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- - ', .'/_'I. ,. \_. ,o"4 '- ;? _\

I0"5" "" r 3._4 "\'_,=" _/ "\ '.-,,
10..6 / Z 113 _ \

10"8 - ,.

104 --

30-10 I a I I I I I I i
2 4 6 8 tO 12 [4 16 le 20

l, kxz
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Figure 10. Concluded. :i
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AI M;Ich uumh_r_ hiRll_r lll;lu ;d_oul 2.0, mi_r_pllo._ dl;_pllr_q_m r_.li;suc_ wa_ ,

OXllt-'li_-'llccdill IhL' willd ttlllll,:'l_; Ibis lill,il_.'_-II IlL'I];ll iruqllullcy ru,_pon_Cr;lll_,C()l" |hl_ I/4-1ll,

COlld_'llsr'r mi_'rophtmc_, Il he _:undVll_er microphullC,, lind hcc,lZ _ele¢lvd For IhL,ir high

',v.',ili'.'ily,)Thi_ prtddvm _'Is,,el1_.t_llutcred;11l_w lrcc-,_trel|msllstlcprc_,,tzrc_,nnd hip,h

_uper_ouic_p_d_ a_ dq_crih_,diu Rcr, I0, A_ lhc absolutev_duc_of the "im,_t_ddc"

l'r_,qucuci_.,__}ppro;zcl1¢d;Ilimitiu,_,di;ipllr_t_nln.,soua.tl'rcqucucyn_ar 4A kll/,hzrl_e

_ymp.,_'_'lirmuldilic_lliO,resulted,wilh ex_'c_ivei.dicalcdamplitude;rodml linmttpr;11

' . _cuin_ _l' I5_ spe¢lr.I p_ak, 'l'h_ _h,_olutc _mplitudcs of overall RMS pressure,

_,l q,,, _Ireque4tiOllahl_ aI the hiRl1_r Math munhcr_. Alle111pI._to _orrcct Ih_ rcSOllmlC_

wcrc Ilol Cllliruly ,_tlccc,ssl'ol, duc to the iilahility to s_parlll_., the degree.'of' trallsduccr

mllplil'ic;llio11 From the aClmll Ilow illSl;ihilit.v tirol W;l_ prc_111, Nuverlll,:lcss, spectral d_ ,

ohlZlincd In the 4 HLII)WI" ;11_.,. .li.5, I.ip. I I, aud at M_ - 4.5, I:il_, 12. indicate a peck
at hitzh I'rcqttcil_:ic,,_ilhou_h _1_:1c¢1rCCltter I'rctlUCnCyFor the pcak_ i_ dilTicult to distinguish.

I00_T--_-F ......T......1---'--'_--

10-6

i0-_

10 0 20 40 50 80 100 t2O
, f, kHz

a. Forward microphone
Figure 11, Cone microphone spectre in the

NASA Langley 4 SUPWT at

M= = 3,5 (M_ = 3.37).
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I

I02 l- Rox_x10.6 -
,/---_,M6

I0_ //-- 4,6;}
- _.336 -

104 __"
IEz0S

10-6

10"l

,o-,t
i0-9/ t I I I I

0 20 40 60 8O I00 120

f. WHz

b. Aft microphone
Figure 11. Concluded.

The spectral peak dat_ from the three wind tunnelsare Riven in Table 2 with some

reservationsabouttheaccuraL.yindefiningpeak centerfrequenciesatthehigherMath

numbers, The nondimensional peak frequencydata for the three setsof data arecompared
withtheflightdataand Mack'stheoryin Figs.13and 14,revealingexcellentagreement,

; Curiously,Mack's frequencyfora t_,o-dimensionalwave appearsto be in veryclose
agreementat M® = 3.5:however,thetheoryfora three-dimensionalwave isincloser

agreement with the data at M® = 4.6,

The data from the NASA Langley wind tunnels yielded reasonable confirmation that

the same type of instability was present in the wind tunnel and flight experiments. The

21

.. ' :__': ,- - . ' _,.":_'7_..-"i'---"

1982017352-TSB12



AIFDC.TR-FI 1-213

. ,, ,';,,_,_,i4_,_, ,"

"19820"17352-TSB13



AfOC Tit ftl Pti

23

1982017352-TSB14



AEDC-TR-61-26

presenceof the "Tollmien-Schlichting" instability could not heverified in the microphone
data in any of the other wind tunnels becausethe amplitude of the disturbance valueswas

muchhigher than in the Langleytunnelsand thusobscuredany Tollmien-Schlichtingwaves.
However, the empirical relationsderivedfrom the flight data, Ref. ! I, provideda basisfor

estimating the Tollmien-Schlichting frequency expected in the wind tunnels at typical
operating temperatures. An estimated frequencyof the instabilitiesexpectedat the two
microphonelocations for 0.5 _ Me _ 2.0 isgiven in Table 3,

,, Me

e.__9.0
,t

xl • an j .

x2 • _, i 4 SPT

0.5 xI d t

x2 _ _' t 4suewr

x Mack'sFirstNlede
0.4 FlatPlateat_ :

(Ref.12)

,j

"_ 0.3 - _ /---Flight Data,Me- L4toLT, _!
,( _/ fromFIg.,

i "!i0.2 Me"Lg,,.0 !
Me-2, q_-0

x Me- 1.60qJ- _5deg " ,
x Me - 2, qJ- 60de90.1

' I I I , ,I
10 14 18 22 25 )0

 ReX
Figure 13. Nondimensional frequenciesversus_/'J_x in the |

LangleyTunnelsat M_,: 1.6 and 2,0. i
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SolidSymbols-MackFirstMode
2.0 FlatPlateat _)Rex (Ref.]2l

,t_l 1.6 o
x le_u

121
0 ;

0.8 a

o a • _-0 'I.
0.4 o °a

o _-0
| * • 60detj

0 10 14 18 22 'i

,,'Rex xlO"2
f

Figure 14. Nondimensionalfrequencyvenus _ from
NASA Langley4 SUPWT, test sectionNo. 2.
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t

5.0 TRAN½1TION

Various methods usedto detect Ihe location of transition will give differenl resultsas

reportedby Potterand Whit field, Ref. 13, A chief difficulty among transition investigations
hasheel1Ihe inahilily Io L',,lahlisha clearlyd¢l'ined "single" location that ,:o_ld becalled llle

L

Iran_ition point. ()he method commonly usedIo ensurea consistentdefinition of transition

location uses the ,,url'aee traver,,ing pilot probe, which was employed exclusivelyin the
studies reported herein. A typical pilot pres,,,uretraverseprofile obtained in flight on the

cone surface is ._hownin Fig. I.¢. In the presentinvestigationthe point denoted hy X! was
designatedthe end of transition, and the point X_ was designatedthe onset ot transition.
_3othpoints weredocumented in termsof the endandonsetof transition Reynoldsnumbers

defined, and used,in Refs. 10and I ! as Rer = Uc X1/v_.an_ Re! = Uc Xt/_'e. In thisreport,
Re1 is chosenexclusivelyfor the correlations.This is the same Re.rcorrelatedby Pate and

Schuelerin RcF. 14and by Pate in ReF. 15;hence,the presentdefinitionsare consistentwith
tho.,;emeasurements.

L 000x 10-3 r I-Free-StreamImpactMicrophone
!

AtOnset: Moo-L44 XTlend)

FilteredB0undary-Layer d_.
4.400 PilotPressure AtEnd: Mm-L44

4.ooo uo v®2.sTxl06
a - -0,28deg

3.500 LXtlOnsetl p- 0.30deg

2.000x 10"2F

t SurfacePilotP__essure

=TB L000 Oscillations

0,000 ,,- "-_ -- :___ ........... _ I
15 18 20 22 24 26 28 30 32 34

x, In

• Figure 15. Typical In-flight pilot pressureprofile.
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_.1 FIJGIIT REFEREN(_E DATA

The transition Reynold,_numbcr_ measured on the ,:one in flight are presentedas a
function of M_ in Fig. 16.Thesedata havebeencorrectedfor deviationsfrom zero incidence

angle and adiabaticwall temperatureat the time of data acquisitionas outlined in Ref. I I.

The different symbols used in Fig. 15 relate to how the flight tests were performed and are
consistent with the symbols in Fig. 3. For approximately constant Uc/I,c, transition location
moved monotonically aft as M,. increased.

Nominal

ll -- Sym._. qw' psf
0 1,100

l0 a 800_50
o 300
_' _0 _ aO 0

9 _ _ _0 0

0

" !

rl r_

? o 0

_ 6 13 °

5 o " ,_

4 _

I m i i I

20- 0.4 0.8 1.2 1.5 2.0

Figure 16. In-flight trensition Reynoldsnumber
ell a function o( M_..
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Normalized overalI-RMS free-,_treamimpact microphonedata acquired in flil_ht are
shown in Fig. 17. The data vary monotonically as a functkm of Math number and indicate a

very low disturbance cnviromnem in flight. As shown in Fig. I1_, the end-of-transitioh
Reynolds number correlates well with the di._turbancemeasurementsunder the laminar

poriion of the boundary layer on the cone surface. (Transition occurred ahead of the

forward microphone at the higher valuesof q=, hencenodisturbancemeasurementsundera

laminar boundary layer could be obtained.) One might expect that these two quantities
should be related becausethe connection between the pressurefluctuations dominated by
the growing Tollmien-Schlichling waves and the eventual transition Reynolds number is

obvious. However, there also existsa correlation betweenthe transition Reynoldsnumber
and the free-streamimpact pressurefluctuations as shown in Fig. 19, and it is lessobvious

why this shouldbeso. No realunderstandingof preciselywhat the free-streamimpact probe
measuredwas obtained in the flight experiment,nor could the sourcesof the disturbances

actually imposed on the cone be ascertained.The wake of the cone itself representeda
significant disturbancesourcewhich may have establisheda disturbancevalue.

O.24 Microphone Nominal

0 t,t00
0.20 Free-Stream a 800

ImpactProbe o 550o 300
_' 250
= 200 I

1E O.15 o Flagsandhalf-solidsymbols i

o indicatedatafromdifferentdays.
z

+ %g"
7 0.08

_pp,cr.oa 0

o.o4 ° o" 0

0 I, I I I .... I
0 0.4 0.8 1.2 1.6 2.0

Me

Figure 17. Free-streamimpact pressureflu_ustlons.
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25 . 550 1
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m v _0 --T'i...Y_ -'-'_
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Figure 18. Correlation between flight ReT and cone surface
disturbancemeazurementZo

i I I I I I l l I I l l

,o o
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6
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z r )
2 T \qm /

!
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Figure 19. Correlation between flight Rer end impact probe . !
disturbancemealurementl.
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S.2 _'INI)"I/_NNH+ I)ATA

IIwa_ pu_il_k'Iodi_lilII_ui_h_'llaraL'l_rKlicsofIra11_ilianhdlaVior Zl_il f11nclhmof Me. I
and It+,;,,,infourmajoritroulm1_,qlUlln_.l__ivt_niuHcf.Ill.+l11_s_i_roupin_(+,_e"Fahle

• I
If_r_'uladL'on tileIm_i_of_hllihlr_'illdlUllnelIteo111_Irk'¢oufi_uralion,The fourI&roups

i

I, Slolled- or solid-wall lran,_onicand sub,_onictunnels, I

2, Perforated-wall I ransonic tunnels,

3, l'_o-dim_,u_ional+no//k, sup_.'r_onicI=IIIIIL'I% _llld

4. Nlidin_:-I_lock-no//l¢_uper,,oniL:tUVlVl_:l_

Nol_ that Ih|: data pre,,enlcd in Fig. 21 from Ihe (iroup 2 tunnels with walls taped are
mostly helox_the Ilight data. As st+ownin Fig. 21, there is relativelygoodagreementbetween

the flight and wind lunnel data tip Io aboul Mc : 1.2 for Ihe (+iroup I, 3, and4 tunnels,Fig.

21, Beyond M_ = 1.5, however, Re1 in the wind tunnelsdecr,+.asesin constrastto Re.r in
flight, which continuesto increase.The transition Reynoldsnumbersmeasuredin all wind

tunnel groups,Ref. 10,and the flight data, arecomparedasa functionof Me in Figs.21 and
22. The windtunnel data have beeninterpolated to nominalunit Reynoldsnumbersof 2.0 x
10_, 3.0 x 106,and 4.0 x 10_ rt _. There is a 14-percentincreasein Ret for unit Reynolds

numbers between2 and 4 million at supersonicspeedsin the wind tunnels.The flight data
envelopeis from Fig. 16. There is very poor correlationbetweenRe-robtainedin flight and

in the Group 2 tunnels.

The overall RMS pre,;sure Iluctualions measured on the cone surface for laminar

houndary-la.ver condilions are _hown in Fig. 23 for tunnels which represent some of the

lowest values mea,,ured in the wind tunnels across the full Math number range. The dashed
curve ,_hown in Fig. 23 is l,owson',, empirical relation from Ref. 17,

q 1':-2 ,l.,,

- 100 (2) ._
'I .,,+ I , O. I I _l_, |

+

for estimating the pressure fluctuations at the wall beneath an auached turbulent boundary
layer. The data obtained in wind tunnels represent disturbances perceived at the cone surface
from all sources inchlding those generaled by the lunnel wall boundary layer. These

disturbance value.,,generally lie t_Jlowl.owson'.,, relation but above the envelope of the flight

lest data, indicating thai in Ihose lUllnels tile boundary layer is being excited by external _!

t
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h_l._ llml¢_Ia ftdlyl.rl_ul_onlh_mld_IryhLy_'r,,_in¢clh_Inln_ilk_nX_ymdd_ mlmbur_

measuredinlli_,_illdImmN_ ;ilMath mimhL'r_h_.l¢_w¢ib_.il1,2(_r_ ll/_r_cwilhlli_,hl

(wilhinlh_'dal_i_'illl¢'r),lhum_i_,_ll_,ir()lllll_,'llllllU_lh_ _ul'l'i_'i_:nllyh_w m_l l(iillTu¢l

Inln_ili(_,ll_y_ndiiM_i_'hvmml_'f_I_lh_lll1,2,Imw_.v_,r,_,v_,nlh_I)_'_Iwindlunn_'l_an:

II_Iqlli_:l_:m_li_,,hI_ d.pli_'ill_'lh_'lli}:hldalil,Ihu% dilla()hlilin_:dilliiiiItll|n_:l_h_lw_'_:ll

M ,._ I,-_ illld_t)lll_'llPl}crl_OUlH.hlry,t'{'rl_lhllyl_rL,lil_.'rlhilllIwo, {Iri:lli)lr_pr_,ClllillivL,(H

lO,OI f

9,0 l
---FlightDataEnvelope(Fig.16i

i 7.0

t//
: ' _ / tZ / Svm _ v Tunnel

l _ w NASA/Laro!oy1617
I • NASA/La_,gley16TOT'

4 01- _e_/._ # NASA/Langley8TPT
• I ._ll' • NSR&DC?x 10T

I _ _ NASA/Langley4 SeT
o NASA/I.angley4SUPWTITSNo.})

S.0 ,_ NASA/Langley4 SUPWTITSNo,21
D AEDCVKFTunnelA
q AEDCTunnel161"MallsTaped)*"

AEOCTunnel41"MallswithTapeorScreens)**
2.O p NASA/Ames111_TMallsTaped)"

Iu NASA/Ames}4TWTMallsTaped)..
•TestMedium- Freon

•.SpecialTestofGroup2Tunnels
|,O I I I ,, I

0 LO 2.0 3.0 4.0 5.0

i

a. U®h,. = 2.0 x 106
Figure 21. Transition Reynoldsnumbersobtained in wind tunnel

• groups1, 2, and 3.
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Ili_hl if II1_phelttmlen_m_I' hllere_l i,,d_pelld_nl i)n II1_h)¢allo11_I" imltlr;ll hcmnd_try-I_y_:r
I I;lll_ilioB, In II1_(imllp _ Illnllc,l,_Ih_'di_llllll;in¢_ enyirt_l|lll¢lll J_,;tl _onle Milch m11nher_,
I_) _)rder__)1'maF,.lfil.dL'm_ue illle._ive film! Ih_' IliFd)l val.e_ n,_,,I.)wl) tl'l I.i_, 24, The

/fl,2 -Group 2 lmmq:lsexhibited large i.¢rea,_e_in _p _/q,., in Ihe narrow hand of Mach number,_

7,0 t_

6.0 I)

(:=

-' 0 0x 5,0
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(] NASA/Ames12PT

4.0 I NASA/Langley16TT :
'_ NASA/Langley16TDT"
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2.0 .4 NASAA.a_Iey4SUPWTITSNo.2) i,

O RAEBedford3x4 HSST
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_r AEDCTunnel41"MallswithTapeorScreem).. .,
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•TestMedium- Freon

•"SpeclalTestofGroup2Tunnels0 I ,,I , i
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b, U.Iv. = 3.0 x 10_ _J
Figure 21. Continued. . !
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= 4,0 x A NASA/Langley16TOI'"
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,.1 NASA/I,enqley4 SUPWT(TSNo,21
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*

•TestMedium- Freon
•.SpecialTestofGroup2 Tunnels

1.0 ., i , a I
0 1.0 2.0 3.0 4.0 5.0

Me

e. U®h'®= 4.0 x 10_'
Figure 21. Concluded.

from about 0,6 to 0.9. When _J_/q® waslarger than about 1.5percent, transition was so

far forwardon thecone that bothmicrophoneswerebeneatheitherturbulentor transitional
flow.

A correlation of ReT meaurements as a function of measured ff_q= in eighteen of
the wind tunnels and in flight is presented in Fly. 25. (These are the same flight data shown
in Fig, 18.) This correlation includes data at all Much numbers and unit Reynolds numbers,

The data appear to fall within approximately _+20 percent of a mean empirical curve given
by

• lh, T 3.7, I0f' ,,I,_" l()O (3)
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Figure 22. Transition Reynolds numbers in i

group 2 wind tunnels.

The term _w_ measured under the laminar portion of the cone boundary and, of i

course, includes an integration of all Frequenciesabove 200 Hz from all sources including the

cone boundary layer itselF, lhe need to obtain spectral data in the 10- to 80.kHz range was

not recognized ddrin_ the wind tunnel investiBations (nor is it an easy measurement to ,_
obtain). Thus, one can only speculate that "early" transition is caused by external excitation ._

i
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b. U/v_ = 3.0 x 10(`
Figure 22. Continued.

of" the botmdary layer at I'requencie.,,associated with the "Tollmien-Schlichting" waves,
wherein the more e.ergy contained in the unstable I'requencyband the earlier transition
occur._.The data presentedin Fig. 25, however, do not refute that hypothesis. It is also

possible, llowever, thai large val,e_, or sotmd power at t'req,encies lower than those
associatedwith the "natural" wavesmay causetransition throughanother mechanism--

for example, some sort or nonlinear coupling phe.omenon (i.e., see Ref. 18 by M.
Morkovin).
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Figure 22. Concluded.
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Figure 23. Comparison of lowestdisturbancelevelsmeasured
in wind tunnelswith disturbancesin flight.
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! 6.0 ('ONI'I,UlllN(; REMARKN

An _:xperimenlal i.w:_tigation n_ing a I()-deg (lolal angle) calibration cone with
standardized inslrumcnl;,',tm and Icsl procedureswas _:olDductedto I_ainincreasedunder-

slanding o1'Ihe nalure of Iree-slreant dislurbaneesin wind tunnels and wha! influence they

Imveon Reynoldsnumber s,zaling.'rite investigation includedtests in 23 wind tunnelsin the !
U. S. and Europe and flighl It:sl_ with Ihe cone mounted on the nose of an !"-15 aircraft.

The approach was to use the laminar/turhulent transition location on the cone to
t

determine the influence of the noise and turbulence in the free sire'tin on transition location
and to determine whether a correlation existed between transition Reynolds number and the
noise environment.

The data indicated that the mechanism causing transition in both flight and the wind

._ tunnels is associated with the formation of Tollmien-Schlichting waves in the laminar '
: boundary layer. The end-of-transition Reynolds number in both flight and the wind tunnels i_.

- was found to be primarily a function of the noise measured at the cone surface in terms of

the RMS fluctuating pressure measured under the laminar p,,rtion of the boundary layer and
normalized by the free-stream dynamic pressure. Within :!:20 percent the variation of

_ transition Reynolds number with the noi_ parameter was independent of Mach number and
unit Reynolds number. Thus. it follows that the variation of Ret with Mach number and

unit Reynolds number is directly related to the variation of the noise as a function of Math ' ?t
number and unit Reynolds number, at least over the range of this investigation. In those

- tunnels which operate at Mach numbers below about 1.2 and whose free-stream-borne • _I_
acoustical disturbances are lower in amplitude than the disturbances produced by a

turbulent boundary layer, transition Reynolds numbers agreed with those obtained in flight. (
At Mach numbers above about 1.4, none of the tunnels produced transition Reynolds
numbers which agreed with flight.
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N()MEN('I,ATItlIE

I
F l_ondhnen_ional frequency, F.q. l l) 1

t' l.requency, !1/ t,

(i(f) Power spcclr=ill'un¢lion over .10-seeavcrai_inl_lime, _'f2/llz

I. ('one surface length, 44,5 in.

p Pressure.p,J"

_' Averaged pressure Iluclualion, psf "

q Dynamic pressure,psi"

Rel End-of-lransilion Reynoldsnumber

Re_ Onset-of-transition Reynolds number at x = Xt

Re_ Reynolds number along cone ray for x measured from cone apex

. T Temperature, "R

! Time, sec

U Velocity, ft/sec

U/_, Reynoldsnumber per unit lenglh, h i

X l End.of-transition location in cone boundary layer, I'(

Xt Onset-ol'-lransilion location in coneboundary layer, fl

x Surface length on cone ray from apex, ft

_ Angle of allack, deg
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IJ Angle of yaw. dett

0,. ('tmc halfangle, Sde_,

_, Kinemal ic vi_co_ilY, I'1_'/_cc

('onerollanglefrom windward._tilBnltli,)nr{lytothepilotprobe,tall0WI,,)

• IXO.dep,

_/ Angle in which di,_lurhmlcepropagatesin a laminar hound_lrylayer relalive Io
Ihc _lreamdircclion, deg

HL)BH(:RIPT_

0 Zeroincidencecondition

I Cone forward microphone location, 18.0 in. from the apex

2 Cone aft microphone location, 26.0 in. from the apex

aw Adiabatic wall
. i

c Boundary-layer edge conditions

e

s Cone surface conditions

t Total conditions

w Wall conditions

Frec-streamconditions

i
• i
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